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ABSTRACT 
Air pollution has been linked to various health problems but how different air 
pollutants and exposure levels contribute to those diseases remain largely unknown. 
Researchers have mainly relied on data from government air monitoring stations to study 
the health effects of air pollution exposure. The limited information provided by sparse 
stations has low spatial and temporal resolution, which is not able to represent the actual 
exposure of individuals. A tool that can accurately monitor personal exposure provides 
valuable data for epidemiologists to understand the relationship between air pollution and 
certain diseases. It also allows individuals to be aware of any ambient air quality issues and 
prevent air pollution exposure. To build such a tool, sensors with features of fast response, 
small size, long lifetime, high sensitivity, high selectivity, and multi-analyte sensing are of 
great importance.  
In order to meet these requirements, three generations of novel colorimetric sensors 
have been developed. The first generation is mosaic colorimetric sensors based on tiny 
sensor blocks and by detecting absorbance change after each air sample injection, the target 
analyte concentration can be measured. The second generation is a gradient-based 
colorimetric sensor. Lateral transport of analytes across the colorimetric sensor surface 
creates a color gradient that shifts along the transport direction over time, and the sensor 
tracks the gradient shift and converts it into analyte concentration in real-time. The third 
generation is gradient-based colorimetric arrays fabricated by inkjet-printing method that 
integrates multiple sensors on a miniaturized sensor chip. Unlike traditional colorimetric 
sensors, such as detection tubes and optoelectronic nose, that are typically for one-time use, 
ii 
 
the presented three generations of colorimetric sensors aim to continuously monitor 
multiple air pollutants and the sensor lifetime and fabrication methods have been improved 
over each generation. Ozone, nitrogen dioxide, formaldehyde and carbon monoxide are 
chosen as analytes of interest. The performance of sensors has been validated in the lab 
and field tests, proving the capability of the sensors to be used for personal exposure 
monitoring. 
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1 INTRODUCTION 
The increased level of air pollution is one of the most serious problems in the world. 
Air pollution has been associated with different health issues, for example, short term 
exposure to air pollution causes nausea, headaches, and irritation of the upper respiratory 
tract, whereas long term exposure leads to respiratory diseases, lung cancer and heart 
diseases. [1-5] Environmental protection agency (EPA) and world health organization 
(WHO) have set up standards to help regulate air pollution. Table 1 shows the standards 
for typical air pollutants including ozone (O3), nitrogen dioxide (NO2), carbon monoxide 
(CO) and formaldehyde (HCHO).[6-8] However, the impact of air pollution exposure 
varies from people to people and even the air pollutant level is under the exposure limit, 
there may still be adverse health effects. Moreover, it is not clear how different air 
pollutants and exposure levels contribute to certain diseases.  
Traditional air quality monitoring relies on expensive, bulky and complicated 
instruments installed in fixed government monitoring sites or mobile car monitoring 
stations. Some of them use passive samplers that required further analysis by gas 
chromatography (GC) coupled with different detection methods in a lab. [9-11] 
Researchers have been using data obtained by these traditional methods, but because the 
level of an air pollutant changes from time to time and place to place, the sparse stations 
cannot provide data with enough temporal and spatial resolution for correlating individual 
exposure with symptoms accurately. It is essential to have a tool that can measure accurate 
personal exposure 24 hours a day. Having such a tool will help epidemiologists to unravel 
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diseases-exposure relationship. Furthermore, patients who suffered from air pollution-
related diseases, such as asthma, can better manage their exposure and prevent an attack.  
 
Table 1.1 Air quality standards for ozone, nitrogen dioxide, carbon monoxide and 
formaldehyde  
Sources: World Health Organization(WHO), US Environmental Protection Agency 
(EPA), European Union (EU), Occupational Safety and Health   Administration(OSHA) 
and National Institute for Occupational Safety and Health (NIOSH) 
In order to build a tool for personal exposure monitoring, a sensor with these 
characteristics is highly preferred: 1) The sensor is sensitive enough to detect trace gases 
since even air pollutants at ppb or ppm levels by volume may cause health risks. 2) The 
sensor is selective enough to detect target analytes. Otherwise, it would be difficult to tell 
which compound in the air contributes to the sensor response. 3) The sensor response is 
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fast enough to report real-time gas concentration. 4) The sensor size is small considering 
the application to be regularly used as a personal monitor and not confined to a monitor 
station5) The sensor can detect target analytes continuously and sensor lifetime is 
reasonable without frequent replacement. 6) The sensor operation, replacement should be 
as simple as possible and should not require maintenance by expertise. 7) The cost of the 
sensor is affordable, which is an important factor for its practical use by people in general. 
8) The sensor is expandable to detect multiple analytes simultaneously since there are many 
gases in the air. 
Colorimetry is a well-known sensing principle that is widely used in gas sensing. 
[12] It detects a color change associated with a specific chemical reaction between an 
analyte and sensing materials. Colorimetric sensors are cost-effective, selective and user-
friendly. However, most colorimetric sensors such as detection tube and electronic noses 
are typically for one-time use and for qualitative or semi-quantitative analysis only. [13-
16] For these reasons, current colorimetric sensors are not suitable for applications that 
require continuous sensing.  
To overcome the drawbacks, this thesis focuses on developing three generations of 
novel colorimetric sensors aimed for continuous detection for an extended long lifetime. 
Sensor hardwares utilizing a cost-effective and ubiquitously available light source and 
detector (complementary metal-oxide-semiconductor (CMOS) imager) have been 
optimized for sensitive and quantitative detection. Real tests have been done to show the 
applicability of the developed sensors in personal exposure monitoring, which meet the 
requirements as mentioned above.  
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2 BACKGROUND 
2.1 Air pollution and health risks 
Air pollution is a mixture of solid particles and gases, which is the contamination 
in the air we breathe. It is a major challenge in the world.[17-19] The WHO reported that 
there is an estimation of 1.8 billion children live in areas where outdoor air pollution is 
over standard limits and 0.6 million children died from air pollution-related diseases.[7] 
Children and elderly people are especially vulnerable to adverse health effects from 
exposure to air pollution.[20-23] Air pollution exposure is responsible for heart diseases, 
asthma and other respiratory diseases, cancer, adverse pregnancy outcomes (such as 
preterm birth), and even death.[24-31] Figure 2.1 shows three types of air pollution: criteria 
pollutants, greenhouse gases and toxic air contaminants and among those, criteria 
pollutants are the most critical gases that have regional impacts and threatens human health.  
O3 in the upper atmosphere can protect us from ultraviolet radiation. But O3 at 
ground level is a well-known respiratory irritant.[32] It is formed in the atmosphere through 
reactions of nitrogen oxides and volatile organic compounds (VOCs) emitted by vehicles, 
solvents and industry.[33]  Short-term exposure to O3 causes throat irritation, coughing and 
chest pain, whereas long-term exposure can lead to decreased lung function, trigger asthma 
attack and cause chronic obstructive pulmonary disease (COPD).[34-39] 
NO2 are produced primarily by the combustion processes, formed in vehicle 
engines, and can result in significant inflammation of the airways, development and 
exacerbations of asthma, bronchitis, as well as lead to a higher risk of heart disease.[39-43] 
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HCHO is a colorless gas with strong odor. It occurs mostly indoors and emits from 
adhesives, permanent-press fabrics, paper product coatings and pressed-wood products, 
such as particleboard, plywood, and fiberboard.[44-47] High-dose exposure of HCHO 
increases the risk of acute poisoning, while prolonged exposure can lead to chronic toxicity 
and even cancer.[48-50] Recently, many cases of poisoning, allergy, asthma, pulmonary 
damage, cancer and death were reported as a result of formaldehyde exposure from 
polluted indoor air.[51-52] 
CO is a well-known silent killer as it is toxic but colorless, odorless, and notoriously 
difficult to detect. It is generated by the incomplete oxidation during combustion from 
furnaces, stoves, heaters, and automobiles. Personal exposure of CO causes various 
symptoms depending on CO exposure duration and concentration. Mild and moderate CO 
poisoning causes symptoms like the flu, resulting in a headache, fatigue, shortness of breath, 
nausea, and dizziness. More severe symptoms can be triggered progressively by high level 
of CO poisoning, including mental confusion, vomiting, loss of muscular coordination, loss 
of consciousness, and ultimately death. Although there is an increasing awareness of the 
threat of CO poisoning, reports have shown that unintentional non-fire-related CO 
poisoning still leads to an estimated 15,000 emergency department visits and 
approximately 500 deaths annually in the United States alone. [53-54] 
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Figure 2.1 Types of air pollution and potential health risks.[55] 
2.2 Air pollution detection- the gold standard 
EPA scientists have developed and evaluated the gold standard method for 
measuring critical air pollutants accurately and reliably. These methods are called federal 
reference methods (FRMs) and federal equivalent methods (FEMs).[56] The FRM for O3 
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and NO2 measurements is chemiluminescence, which detects the emission of light resulting 
from chemical reactions.[57] UV absorption, as a FEM, is also widely used for O3 
monitoring.[58] In addition, gas chromatography and mass spectrometry (GC-MS) is one 
of the most reliable technologies for gas quantification analysis. GC-MS uses a column to 
separate different compounds according to different retention times, i.e. the time each 
compound passed through the column. When the compound leaves the end of the column, 
the instrument detects and recognizes it. (Fig.2.2).[59] The mass spectrometer first ionizes 
a compound to generate charged molecules or molecular fragments and measures its mass-
to-charge ratio, then it separates them according to their mass-to-charge-ratio. Those 
separated ions are then detected by a mechanism capable of detecting charged particles. 
Finally, atoms or molecules can be identified by associating known masses with identified 
masses. Those separated ions are then detected by a mechanism capable of detecting 
charged particles. Eventually, atoms or molecules can be identified by associating known 
masses with identified masses. Although GC-MS techniques exhibit high accuracy in 
measurement of gas concentration, they are super expensive and bulky to be used for 
personal exposure monitoring.[60] 
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Figure 2.2 Schematic diagram of a gas chromatograph.[59] GC-MS uses a column to 
separate different compounds according to different retention times and then ionizes and 
separates charged molecules or molecular fragments by their mass-to-charge-ratio. 
 
2.3 Air pollution detection- state of the art 
One of the state-of-the-art sensors for air pollution detection is metal oxide 
semiconductor (MOS) sensors. As shown in Figure 2.3, when the MOS sensor is in clean 
air, the oxygen in the air will be adsorbed on a heated semiconductor by capturing free 
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electrons. When a gas presents, the surface density of adsorbed oxygen changes as it reacts 
with the gases. The MOS sensor changes resistance because of a change in adsorbed 
oxygen concentration. This change in conductivity or resistivity can be measure. Research 
has demonstrated that MOS sensor responds to many kinds of air pollutants such as ozone, 
NO2. [61-62] However, selectivity and control of sensor response is a major challenge in 
this field. MOS sensor usually requires high operation temperature (300-400°C), which 
increases the power consumption significantly. 
 
 
 
a) 
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Figure 2.3 Schematic diagram of metal oxide semiconductors. a) The MOS sensor 
in clean air, b) The MOS sensor in contact with reducing gas resulting in a decrease of 
sensor resistance. [63] 
 
Another type of sensor is electrochemical sensors. Electrochemical sensors are 
usually commercialized as convenient portable gas monitors, their target analytes include 
oxygen, carbon monoxide, hydrogen sulfide and sulfur dioxide. When the gas diffuses into 
the sensor, through the back of the porous membrane to the working electrode where it is 
oxidized or reduced. This electrochemical reaction results in an electric current that passes 
through the external circuit. In addition to measuring, amplifying and performing other 
signal processing functions, the external circuit maintains the voltage across the sensor 
between the working and counter electrodes for a two-electrode sensor or between the 
b) 
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working and reference electrodes for a three-electrode cell. At the counter electrode, an 
equal and opposite reaction occurs, such that if the working electrode is oxidation, then the 
counter electrode is a reduction. 
 
Figure 2.4 Schematic diagram of operating principle of a carbon monoxide 
electrochemical sensor in clean air and when carbon monoxide gas occurs.[64] 
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3 MOSAIC COLORIMETRIC SENSORS FOR MONITORING MULTI-ANALYTE 
IN AIR 
3.1 Introduction 
Air quality has a major impact on our health. Monitoring air quality helps protect 
people from exposure to harmful gases at home and in the workplace, reduce health risks 
of millions of patients who suffer from chronic respiratory diseases, and minimize 
occupational safety threats for workers.[65] It is also important for exposure-diseases 
relationship study, identification of sources of pollutants, warning of environmental disease 
triggers, and development of air quality management plan. Besides the stationary 
monitoring, a wearable sensor for personal exposure monitoring has drawn more and more 
attention since people engage in activities in different places, e.g. sleeping in the room, 
traveling in the car, eating in the cafeteria, working in the office, or exercising in the 
gym.[66-68] Furthermore, as for the needs of efficient air quality monitoring, a highly 
integrated device, which can monitor multiple pollutants of interests continuously and 
simultaneously is highly preferred. 
While recent advances in sensor technologies are impressive, and some, including 
electrochemical sensors, colorimetric sensors, metal oxide gas sensors, and UV absorption 
detectors, are commercially available, but they all suffered from their own limitations. 
Electrochemical sensors are often interfered by pressure changes and require periodic 
calibration for an accurate reading, which add a burden to the users. MOS sensors have 
low selectivity and require high operation temperature (usually from 200 oC to 500 oC) 
with high power consumption.[69-70] Colorimetric sensors detect the color change 
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induced by a specific chemical reaction between the target analyte and the sensing probe.  
It has been of interests recently for its high sensitivity, high selectivity, and simplicity. 
However, most colorimetric sensors, such as detection tubes and pH papers, can only be 
used for one time, which is not suitable for applications that require continuous sensing.  
The mosaic colorimetric sensor presented in this chapter provides an integrated 
solution for reaching the goal of personal exposure monitoring. The sensor has the 
following innovations. 1) A porous material is used as a substrate to increase the analyte 
capture efficiency thus increase the sensor sensitivity. 2) A finely tuned recipe of sensing 
probes enables high selectivity of each sensor. 3) An active built-in sample delivery system 
is used to deliver the gas into the detection chamber at a constant flow rate to accelerate 
mass transport and decrease the response time. The pump can also be programmed to have 
an adaptive sampling time to ensure the sensitivity and save sensor lifetime.4) A low-cost 
CMOS imager based optical detection system to allow quantitative detection of gas 
analytes. All these innovations attribute the novel mosaic colorimetric sensing platform the 
capability for fast and continuous gas monitoring with a response time of less than 20 
seconds. There are other important features that make the mosaic colorimetric sensor 
unique and attractive. First, an ultralow detection limit of each sensor not only give an 
alarm at the time when air pollution level exceeds standard limits, but also inform people 
ahead of time when certain air pollutant exists in the ambient air. Second, the sensor chip 
is expandable and configurable. By mix and matching different sensor blocks on the sensor 
chip, multiple gaseous pollutants can be detected for different applications. And third, the 
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as-prepared sensor chip will be pre-calibrated during production, which avoids putting the 
calibration burden on the users.  
 
3.2 Detection principle and setup 
The chemical reaction happens rapidly when the gas sample is introduced into the 
reaction chamber.  
The detection principle used here was based on a colorimetric change of chemical 
probe on exposure to target analytes. The detection of color change on the sensing probes 
is enabled by a sensing platform that consisted of a CMOS imager as an optical detector. 
The CMOS imager was controlled by a Matlab program developed in the Center for 
Bioelectronics and Biosensors at the Biodesign Institute. The sensing chamber was made 
by CNC milling (MAXNC-10) using Acetron, which had gas inlet and outlet, and a sensor 
slot that can position and align the sensor chip with the optical detection system. A white 
LED (LEDtronics Inc.) was connected to a LED driver (CL520N3-G-ND) for stable 
illumination for the sensing chamber. The active sample delivery system was assembled 
by connecting an air pump (Parker, T3EP-1ST-05-3FFP-b) via a Teflon® tubing, and the 
flow rate of which was maintained at 1L/min. The CMOS imager captured intensity of 
each sensor element at a frame rate of 5 frames per second. A blank sensor element, which 
is a sensor substrate without the coating of sensing probe, was used as a reference to correct 
other optical factors except for actual sensor signal, including light source change, 
scattering or noise in the detection system (Figure 3.1).  The logarithmic ratio between the 
sensing and the reference elements was evaluated as the output signal. This signal 
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corresponded to absorbance change due to the reaction and was directly proportional to the 
concentration of the analyte. 
 
 
 
Figure 3.1 Schematic of the sensing setup. The sample gas is delivered at 1 L/min from the 
Tedlar® air bag to the sensing channel where the reference chip (gray), NO2 sensor chip 
(light yellow), O3 sensor chip (blue) and CO sensor chip (yellow) are located. The white 
LED illuminates the sensor chip and the transmission light is detected by the CMOS imager.  
 
Figure 3.2 (a) shows the intensity value captured by the imager from the two 
elements. The chamber was purged with clean air for the first minute. In this duration, the 
intensity was nearly constant. Note that baseline subtraction will be performed if there is a 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = − 𝑙𝑜𝑔 (
𝐼
𝐼0
) = − 𝑙𝑜𝑔 (
𝐼𝑠𝑒𝑛𝑠𝑖𝑛𝑔
𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
)                     (1) 
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slight drift due to the optical system. For the next 20 seconds, the gas sample, CO in this 
case, was delivered by a pump, which resulted in a linear decrease in the intensity on the 
sensing element (black curve) due to color development. The reference element (red curve) 
was not affected by the introduction of the sample. The system was again purged for the 
next minute. In this duration, the color development stopped, and both sensing and 
reference elements went back to a constant intensity. 
The intensity data was transformed to change in absorbance as shown in Figure 3.2 
(b) using equation (1). The absorbance change increased linearly with time. The sensitivity 
of detection could be optimized by adjusting the sample injection time. 
 
 
(
a) 
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Figure 3.2 (a) Transmitted intensity of light obtained by the CMOS imager from 
the reference and sensing elements during a test. (b)Absorbance of sensor during a test 
converted from intensity data  
 
3.3 Experimental 
3.3.1 Reagents and sensor preparation 
N, N-Diethyl-p-phenylenediamine(DMPPDA), glycerol, hydroxylamine sulfate, 
thymol blue, methanol, indigo carmine, citric acid were purchased from Sigma-Aldrich, 
lnc. Potassium disulfitopalladate (II) (K2Pd(SO3)2) was purchased from Alfa Aesar. Ultra-
pure water (18MΩ) was produced by an ELGA Purelab Ultra RO system. Silica gel 
substrates were purchased from Sorbent Technologies (Silica G TLC Plates, Polyester 
(
b) 
25 
 
Backed, 20×20 cm, 250 μm thickness, 60 Å mean pore diameter of silica gel, pore volume: 
~ 0.75 ml/g, specific surface area: ~ 500 m2/g). The substrate was cut into 5×5 mm pieces 
by laser cutter and wash with DI water and ethanol for three times, respectively. 
The sensors chips were prepared by immobilizing the sensing element that reacts 
with specific target analyte selectively on the porous silica gel substrate.  
NO2 sensor: The solution of the sensing element was prepared by dissolving 400 
mg of DMPPDA in 4 mL of DI water with 0.5 ml glycerol. The sensor substrates were 
immersed in the solution and shaken slowly for 1 hour to make uniform coating, followed 
by overnight vacuum drying under room temperature. 
O3 sensor: The solution of the sensing element was prepared by 9 mg indigo 
carmine and 700 mg citric acid in a solvent mixture containing 4 mL of DI water with 0.5 
ml glycerol. The sensor substrates were immersed in the solution and shaken slowly for 1 
hour to make uniform coating, followed by overnight vacuum drying under room 
temperature. 
HCHO sensor: The solution of the sensing element was prepared by dissolving 
hydroxylamine sulfate (10 mg/ml) and thymol blue (0.2 mg/ml) in a solvent mixture 
containing methanol, water, and glycerol (volume ration of 6.5:3:0.5). The pH of the 
solution was adjusted to 5.5 with NaOH solution (5M). The sensor substrates were 
immersed in the solution and shaken slowly for 1 hour to make uniform coating, followed 
by overnight vacuum drying under room temperature. 
CO sensor: The solution of the sensing element was prepared by dissolving 80 mg 
of K2Pd(SO3)2 in 10 mL of hot DI water. The silica paper was cut into 5×5 mm pieces by 
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laser cutter and wash with DI water and ethanol for three times, respectively. The 30 µL of 
K2Pd(SO3)2 solution was then drop-casted onto the 5×5 mm silica gel substrate and vacuum 
dried for 1 hour. The drop-casting process was repeated 4 times to achieve a better 
sensitivity of the as-prepared CO sensor chip.  
 
3.3.2 Standard gas samples 
O3 samples were generated by an O3 generator (UVP Corp.) using UV radiation. 
The actual concentration of each O3 sample was confirmed by an O3 analyzer (2B 
Technologies, Inc.). 
Standard CO gas (1000 ppm, balanced with nitrogen) was purchased from Cross 
company. Standard NO2 gas (50 ppm in nitrogen) and standard HCHO gas (50 ppm in 
nitrogen) purchased from Praxair Inc. The various concentrations of gas samples were 
prepared in 4 L Tedlar® bags (Custom Sensor Solutions Inc.) by dilution with clean air 
(Praxair Certified Breath Air).  
 
3.3.3 Chemical reactions 
O3 detection is based on the chemical reaction of O3 with indigo carmine, which is 
blue at pH<11.4. The reaction product is light yellow isatin sulfonic acid. 
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NO2 detection is based on the chemical reaction of NO2 with N,N-dimethyl-p-
phenylenediamine. The reaction product is pink, and the structure of the azo compound is 
as shown in Figure 3.3. 
Figure 3.3 Chemical structure of NO2 reaction product. 
 
HCHO detection is based on the chemical reaction of HCHO with hydroxylamine. 
The reaction generates protons that changes the pH on the sensor substrate resulting in 
color change of thymol blue from yellow to red. 
CO detection is based on a selective chemical reaction between CO molecules and 
the sensing elements on the porous substrate: 
CO + K2Pd(SO3)2 → Pd + CO2 + SO2 + K2SO3                                                              (2)  
The palladium salts are commonly used in these products as the catalyst for CO 
oxidation and the molybdenum compounds are used as color indicators. Instead of using 
palladium salts as a catalyst, which involves in both oxidation (sensing) and reduction 
(recovery) processes, the CO sensor use the palladium salts as a reactant only for sensing  
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3.3.4 Calibration curves 
The air pump was connected to a mechanical three-way valve for switching 
between dry clean air and CO sample gas. The gases were stored in Tedlar® bags and 
delivered to the sensing chamber at a flow rate of 1L/min. A 60s purging of dry clean air 
to the system was used to establish a stable baseline, and then sample gas at a particular 
concentration was injected into the system for 20s. The target analyte reacted with the 
sensing probes on the sensor chip during the sampling period, resulting in a color change, 
which can be detected by the optical system mounted on the sensing chamber. The 
schematic diagram of the sensing platform is shown in Fig 3.1. When running the test, the 
sensor cartridge was assembled in the detection chamber, and the optical detection module 
continuously recorded the absorbance (-log(Isensing/Ireference)) change as a function of time 
during the entire cycle of test. The slope of the optical absorbance curve difference between 
the sensing and purging periods was calculated, which was correlated with the 
concentration of target analyte in the gas sample. Figure 3.4 shows the calibration curve of 
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four target analytes: O3, NO2, HCHO and CO. The results all show linear relationship 
between target analyte concentrations and sensor responses. 
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Figure 3.4 Calibration curve of O3, NO2, HCHO and CO sensors. 
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3.4 Results and Discussion 
3.4.1 Sensitivity and dynamic range 
To achieve the goal of continuous monitoring, the chemical reaction between the 
analyte and the sensing probe should be fast enough to achieve a fast response time. Here 
we take CO sensor as an example to demonstrate the sensor performance. The response 
curves of the sensor to different concentrations of CO have been investigated to evaluate 
the reaction kinetics of this gas-solid phase reaction. According to Fig. 3.5(a) and Fig. 3.4 
(d), the absorbance signal changes spontaneously when the CO gas is injected into the 
detection chamber, regardless of the CO concentrations in the range of 0 ppm to 500 ppm. 
It should be noticed that the slope of the absorbance change, which is the absorbance 
change before and after the injection of CO divided by the corresponding exposure time (∆ 
Abs=Absorbance change/time, unit: a.u./s), increases with the CO concentrations in the 
gas samples. And further data analysis shows that these slope values have a good linear 
relationship with CO concentration. In the lower CO concentration range (0 ppm to 10 ppm) 
the sensor has higher sensitivity of (1.7879 ± 0.152) × 10-5 a.u./s·ppm while in the higher 
CO concentration range, the sensor shows a relative lower sensitivity of (4.202 ±0.252)× 
10-6 a.u./s·ppm, as plotted in Fig. 3.2 (b) and Fig. 3.2 (d). This linear sensing behavior can 
be explained according to the model we described in the previous work. Briefly, when the 
active sites of the sensing elements on the substrate are excessive, the reaction rate depends 
on the concentration of the analyte in the gas phase.  
R= K · CCO                                                                                                             (2)              
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According to equation (2), where K is a constant that related to surface adsorption 
and CCO is the concentration of CO, the CO concentration will be proportional to the 
absorbance slope since the reaction rate (R) can be represented by the slope of the optical 
absorbance – time plot, which is consistent with the experimental results. We hypothesized 
the different adsorption and reaction behaviors in the lower and higher CO concentration 
ranges may contribute to the discontinuity of linear sensor response at 10 ppm. Under low 
concentration, CO molecules are mainly adsorbed and reacted with sensing elements on 
the top surface of the substrate, while under high concentration, CO molecules can further 
diffuse into the porous substrate and react with sensing elements deep inside.  It should be 
mentioned that conventional colorimetric CO sensor cannot reach a detection limit bellow 
15 ppm, while our CO sensor can easily discriminate different concentrations of CO bellow 
10 ppm with a detection limit of 1 ppm, as shown in Fig. 3.2 (c) and (d). The above 
sensitivity and detection limit were achieved under the sampling condition of 20 s injection 
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time and 1L/min flow rate.  If needed, these specs can be further improved by applying a 
longer sampling time or higher flow rate.  
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Figure 3.5 (a) The optical responses of the CO sensor to different concentrations 
of dry CO gas samples. (b) The optical responses of the CO sensor to lower 
concentrations of dry CO gas samples. (c) Calibration of sensor response to CO. 
 
3.4.2 Sensor response time 
Due to the unique features of colorimetric sensors, the sensor response time is 
related to the time period that the sensor reacts with the target analyte of certain 
concentration and the color change or absorbance change reachs the detection limit of the 
sensing platform. The higher the target analye concentration, the shorter the response time. 
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In this case, the sensor response is defined as 15 seconds in order to detect CO 
concentration as low as 1 ppm. 
 
3.4.3 Sensor selectivity 
The beauty of the colorimetric chemical sensor is that high selectivity can be 
achieved by applying chemical reactions that are specific to the targeting analyte. This 
feature differentiates it from other sensing approaches, such as electrochemical sensing, 
metal oxide sensing, and infrared absorption sensing. Due to the unique reaction between 
the target analyte and sensing probes, the sensing probes coated on the substrate is very 
selective to CO while immune to other common interferents in the ambient air. Cross 
sensitivity test has been performed among O3, NO2 and CO sensors and in addition, the 
following gases at their typical concentration found in the ambient air have been tested on 
each sensor: O2, SO2, NO and ammonia. None of them shows a considerable response, 
with the signal fluctuations less than 5% of the signal (Fig. 3.6). This high selectivity can 
avoid the need for scrubbers to remove the potential interferents as in conventional sensor 
devices in order to achieve acceptable accuracy.  
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Figure 3.6 Cross-sensitivity test of (a) O3 sensor (b) NO2 (c) CO sensor with other 
common interferents. 
3.4.4 Sensor lifetime 
Conventional colorimetric sensors are usually one-time use only since most of the 
sensing probes will be consumed during the detection, like the colorimetric gas detector 
tubes, pH test papers, and humidity indicators. This is because 1) there is no control of the 
mass transportation of the exposure of analyte to the sensing probes, usually based on 
passive diffusion; and 2) the qualitative or quantitative detection of the analyte is based on 
visual checking with human eyes, thus reliable detection depends on tremendous amount 
of chemical reaction between analytes and sensing probes. In order to save the sensing 
c) 
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probes while improving the detection limit and sensitivity, A miniaturized pump was 
applied to actively deliver the sample gas at a constant flow rate within a short period of 
time and a CMOS imager was used to sensitively and reliably monitor the color 
development during the detection. This design has made it possible to use the same sensor 
for multiple and continuous measurements. Again, here we use CO sensor as an example, 
as shown in Fig.3.7, multiple consecutive injections have been performed on the same CO 
sensor chip by alternating the purging and sensing period. The reproducibility of the 
consecutive measurement is evaluated by calculating the variability of 5 sensor responses 
to 10 ppm CO at 75%RH, and the variation is less than 6%, indicating excellent sensing 
reliability and capacity. The consecutive sensing plots also indicate that the sensing 
mechanism is not reversible. When the injection stops, the optical intensity also stops 
changing until a new injection happens. The irreversibility comes from the high selectivity 
of the reaction and high stability of the product, both of which are essential for the high 
performance of the colorimetric CO sensor. Results indicated in Fig.3.7 also imply that the 
continuous CO monitoring can be achieved even with a single sensor chip. We have tested 
the sensing capacity of the sensor chip we prepared, and it can reach 8 ppmhour, a dose 
the sensor can take before its sensitivity drop by 10%. Assuming the CO concentration in 
the ambient air is 10ppm, (WHO standard, 10 ppm (8-hour mean)), and the sampling time 
is 20s, the CO sensor chip can be used for 150 times before replacement. 
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Figure 3.7 The CO sensor response during continuous monitoring of 10 ppm CO at 75% 
RH (60 seconds purging and 20 seconds sampling). The variation of sensor response 
among different sampling periods was less than 6%. 
 
3.5 Conclusion 
By introducing the optical detection system (including a light source and a CMOS 
imager), active sample delivery system, and flat sensor chip geometry, a high-performance 
gas sensing platform has been successfully designed and constructed. The fast, specific, 
and irreversible colorimetric reaction between target analytes and sensing probes provides 
the chemical sensor with fast response, high selectivity, and high reliability. The high 
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loading capacity of sensing probes on the porous substrate, the sensitive optical detector, 
and the optimized sampling rate make the sensor suitable for personal exposure monitoring.  
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4 GRADIENT-BASED COLORIMETRIC SENSORS WITH GREATLY EXTENDED 
LIFETIME 
4.1 Introduction 
Monitoring of air quality, studying of environmental health, and protection of 
people from harmful chemical exposures have motivated increasing efforts to develop low 
cost and high performance chemical sensors. These efforts include development of 
miniaturized metal oxide semiconductor and electrochemical sensors, which represent 
current mainstream commercial gas sensors. [71-77] Colorimetry is another well-known 
sensing principle that is also widely used in commercial gas sensors. It detects a color 
change associated with a specific chemical reaction between an analyte and sensing 
materials. A distinct feature of colorimetric sensing is its capability for parallel sensing of 
multiple analytes when used in an array format. Because most colorimetric reactions are 
irreversible, today’s commercial colorimetric sensors are typically for one-time use, and 
for qualitative or semi-quantitative analysis only.[13] For these reasons, colorimetric 
sensors are not suitable for applications that require continuous and reliable quantitative 
sensing.  
To overcome the drawbacks of colorimetric sensing, in the previous chapter, we 
reported colorimetric gas detection by actively controlling the exposure dose of sensing 
elements to gas analyte during each detecting cycle.[78] When the exposure time is limited 
to 20 s, the sensor chip can be used for 150 times before replacement. Despite the success, 
these methods still fall short for continuously tracking of analytes. Here we introduce a 
gradient-based colorimetric sensor (GCS) to achieve sensitive, quantitative, and 
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continuous gas monitoring. We present the principle of GCS, build a prototype device, 
carry out experiments, validate the experimental results with numerical simulations, and 
demonstrate continuous detection of ozone in real-time. 
 
4.2 Detection principle and setup 
The key component of GCS is a sensor chip consisting of a sensing probe-coated 
porous substrate covered with a top layer to prevent exposure of the sensing probe to 
analyte from the top (Fig. 4.1(a)). When the analyte diffuses along the porous substrate 
from one edge, it starts to react with the sensing probe at the location of its first contact and 
changes the local color of the porous substrate, which creates a color gradient along the 
substrate (Fig. 4.1(a)). The gradient shifts laterally over time when the sensor chip is 
exposed to the analyte continuously. GCS measures the position of the maximum gradient, 
and tracks its lateral shift over time with sub-micron precision, leading to sensitive and 
continuous monitoring of the analyte. 
To demonstrate GCS, we used indigo carmine as the sensing probe, which reacts 
specifically with O3. O3 is one of the six EPA listed “criteria” air pollutants,[6] and is 
harmful to human lung function and respiratory system, causing various diseases, such as 
asthma, bronchitis, and heart attack.[79-80] The porous material was made of silica gel to 
provide a large surface area for sensitive colorimetry and allow O3 to diffuse along the 
porous substrate from one end (inlet) to another (outlet). The top layer was an acrylic 
sealing plate, which helped confine O3 diffusion along the porous substrate. O3 reacted 
with sensing probes near the inlet initially, and then with the probes along the GCS over 
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time as the sensing probes near the inlet depleted upon irreversible chemical reaction. The 
unreacted sensing probe for O3 detection was blue (Fig. 4.1(a)), which turned into white 
after complete reaction with O3. The region that separated the reacted (white) and unreacted 
(blue) sensing probes was described by a color gradient (Fig. 4.1(b)). The color gradient 
shifted from left to right upon continuous exposure to O3, and the rate that the gradient 
position shifted over time reflected O3 concentration. GCS tracked the shift in the gradient 
position ∆x) by analyzing the intensity profile captured with a CMOS imager. We will 
show later that the gradient shift (∆x) at time t is directly related to O3 concentration.  
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Figure 4.1 (a) Schematics of GCS. A porous substrate is coated with a sensing probe 
that can react with an analyte specifically and change color. The top of the porous substrate 
is covered with a layer of acryl to prevent direct exposure of the sensing probe to the analyte 
from the stop, such that the analyte can only diffuse from the edge of the substrate to react 
with the sensing probe. The local reaction creates a color gradient, and GCS tracks the 
color gradient shift along the substrate over time. (b) Snapshots of the intensity profiles 
showing shifting of the color gradient over time. 
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4.3 Experimental 
4.3.1 Reagents and sensor preparation 
Indigo carmine and citric acid were purchased from Sigma-Aldrich, Inc., which 
were dissolved in ultra-pure water (18 MΩ) containing glycerol. The solutions were cast 
onto silica gel substrates, purchased from Sorbent Technologies (Polyester backed silica G 
TLC plates). O3 samples with concentrations from 10 to 500 ppbV were generated by an 
O3 generator (UVP Corp.) using UV radiation. The actual concentration of each O3 sample 
was confirmed by an O3 analyzer (2B Technologies, Inc.). 
 
4.3.2 Chemical reactions  
The present micro-colorimetric O3 sensor is based on the chemical reaction of O3 
with indigo carmine, which is blue at pH<11.4. The reaction product is colorless isatin 
sulfonic acid. 
 
4.3.3 Optimization of sensor configuration 
A GCS chip with dimensions of 4 mm (length) x 0.5 mm (width) x 250 µm 
(thickness) was cut from silica gel substrates by a laser cutter (Universal Laser Systems). 
The sensor was coated with a layer of sensing probes (indigo carmine for O3) and then 
covered with a flat piece of Acrylic to prevent exposure of the sensing probes from the top. 
The GCS chip was illuminated with a white LED (LEDtronics Inc.) and imaged with a 
CMOS imager (Logitech, Inc.) for real-time monitoring of the color gradient continuously 
when exposed to the gas analyte (Fig. 4.1(a)). 
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4.3.4 Optical gradient-tracking method 
A key task in GCS is to detect and track the gradient shift. We achieved this task 
by developing a sensitive imaging-processing algorithm from the time sequence images 
captured with a CMOS imager. The algorithm determines the position of the maximum 
color gradient with the following steps (Fig. 4.2): 1) Extract the intensity profile from the 
captured images; 2) Find the maximum (Max) and minimum (Min) intensity values from 
the intensity profile; 3) Determine the position on the intensity profile where the intensity 
equals the mean value, Mid= (Max+ Min)/2; 4) Track the position over time. Note that the 
image in the background of Fig. 4.2was used to show the actual color gradient 
corresponding to the intensity profile. To validate this method for continuous tracking of 
O3 concentration, we calibrated the O3-GCS sensor based on the speed of gradient shift at 
various concentrations of O3. The results in Fig. 4.3 show a linear dependence of the 
gradient shift speed on O3 concentration over a large concentration range, from 0 to 500 
ppb. This concentration range covers most of the personal O3 exposure monitoring 
applications. From the slope of the calibration, we determined the sensitivity of the O3 
sensor to be (1.14± 0.06) × 10-7 mm/s/ppb (R2= 0.99). 
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Figure 4.2 Image of the partially reacted sensor and corresponding intensity profile 
of the sensor. The optical tracking method finds the maximum (Max) and minimum (Min) 
value to calculate the mid-value and searches the position along the sensor that has the 
intensity value closest to Mid, and finally defines the position as the “gradient position”.  
 
4.4 Simulation 
To validate the GCS principle and guide the design of a GCS sensor, we simulated 
O3 mass transport and chemical reaction kinetics along the porous substrate numerically. 
The O3 probe is indigo carmine, which is blue at pH<11.4. The reaction product is isatin 
sulfonic acid, a colorless substance. We confirmed this reaction by measuring the UV-
visible spectra of indigo carmine before and after exposure to O3, and found that the 
reaction of indigo carmine with O3 led to a decrease of optical absorbance at ~600 nm. 
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We denote the reaction as, c (g) + n (s) → p (s), where c is the O3 concentration in 
the air sample, n is the density of reaction sites or sensing probes (indigo carmine) available 
for the reaction on the O3 sensor, and p is the concentration of the reaction product. The 
diffusion and reaction kinetics are described by 
𝜕𝑐
𝜕𝑡
+  ∇ ∙ (−𝐷∇𝑐) =  𝑅     (1) 
𝑅 =
𝜕𝑛
𝜕𝑡
= −𝑘𝑐𝑛 ,        (2) 
where k is the reaction rate coefficient, R is the reaction rate, and D is the diffusion 
coefficient of O3 in the porous silica gel substrate (D= 1.1×10
-11 m2/s). We assumed the 
following boundary conditions: c(inlet, t)=c0, where c0 is the concentration of the air 
sample; c(outlet, t)=0, implying a sufficient long GCS sensing chip; the concentration (c) 
is continuous at the interface of air-silica substrate, and 
𝜕𝑐
𝜕𝑛
 , the concentration gradient, on 
the top and side walls are zero (reflecting zero flux of O3 or perfect sealing).  
Solving Eqs. (1) and (2) with the boundary conditions defined above allows us to 
determine c and n along the channel. The color change is proportional to p (product), which 
is related to n by p=n0-n, where n0 is the initial concentration of the O3 sensing probes. In 
other words, the depletion of the O3 sensing probes equals the generation of the reaction 
product. The simulation shows that the color changes when exposing the sensor to 500 
ppbV O3 for different time durations (Fig. 4.3(a)). Note that the blue bars represent the 
cross-section of a GCS along the direction from the inlet to outlet and the white color 
represents the consumption of the sensing probes at a specific location along the sensor. 
The concentration profiles along the sensor provide local optical intensity (color change) 
along the channel (Fig. 4.3(b)). We note that the simulation results shown in Fig. 4.3 were 
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obtained by taking k=100 m³/(s·mol). This value was chosen by comparison of simulation 
and experimental results obtained with a sensing surface without mass transport limitations. 
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Figure 4.3 Simulated gradient shifts upon continuous exposure to O3 over 2 hours. 
(a) Simulated concentration profiles of unreacted O3 sensing probe (indigo carmine, blue 
color) when exposed to 500 ppbV O3 for 0, 0.5, 1, 1.5, and 2 hours, respectively. (b) 
Simulated intensity profile (color gradient) along the sensor (colored solid lines).  
 
4.5 Results and Discussion 
4.5.1 Validation of the simulation 
To experimentally validate GCS for continuous monitoring of O3, we tested the 
sensor by exposing the sensor to 500 ppbV O3 over 2 hours and observed gradual color 
development along the sensor (Fig. 4.3). The measured color changes at different locations 
over time as shown in Fig. 4.3 are consistent with the simulated results in Fig. 4.3 (a), 
indicating the diffusion-reaction equations and the boundary conditions provide a 
reasonable description of the O3 sensor. The simulation and experiment also show that GCS 
with passive sampling (diffusion) can continuously track O3 in the air. The lifetime of the 
sensor can be determined from the gas analyte concentration and the sensor’s sensing 
capacity -- the maximum amount of analyte a sensor can detect over a given time interval. 
In the present O3 sensor, the capacity was determined to be 7 ppmVhour, indicating that it 
can continuously monitor 100 ppbV O3 for 70 hours. The EPA O3 exposure limit is 70 
ppbV over 8 hours averaging time, and O3 concentration in typical ambient air is usually 
much lower than the EPA standard.  
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Figure 4.4 Measured gradient shifts upon continuous exposure to O3 over 2 hours. 
(a) Measured images with the CMOS imager showing color gradient development over 2 
hours at 500 ppb O3. (b) Measured intensity profile (color gradient) shifts along the 
sensor surface over time. 
 
4.5.2 Sensitivity and dynamic range 
Figure 4.5 Calibration of the O3-GCS with a reference O3 analyzer, showing a 
linear dependence of the sensor response (gradient shift speed) to O3 concentration. 
 
54 
 
4.5.3 Sensor response time 
When choosing gas sensors for a given application, detection limit (DL), response 
time (τ), and lifetime are important parameters. Because GCS measures the lateral shift 
(∆𝑥) in the color gradient, the detection limit of GCS is determined by how precisely we 
can track the position of the color gradient. If we define this precision as 3 times of the 
noise level (σ²) of the position tracking, and then DL is given 
𝐷𝐿 =
3𝜎2
𝜏𝑆
  (3) 
where S is the sensitivity of GCS determined by the slope of Fig. 4.4.  Eq. 3 shows 
that DL is inversely proportional to τ, so one may improve detection limit by increasing 
measurement time (allowing sufficient accumulation of gradient shift). However, for a 
given measurement time, we must minimize the noise level in the tracking of gradient shift. 
We discuss below the dependence of the noise level on different factors. 
The noise level in the gradient position (𝛿x) is related to the color gradient (
𝑑𝐼
𝑑𝑥
) and 
noise level of the intensity (color)(𝛿𝐼), given by 
 𝛿𝑥 = (
𝑑𝐼
𝑑𝑥
)−1𝛿𝐼.  (4) 
If the gradient is sharp, dI/dx is large, so is  𝛿x, which favors a lower detection limit. 
On the other hand, if the gradient is smooth, the detection limit will be poor. The sharpness 
of the gradient is related to the substrate porosity. So the selection of a suitable substrate is 
of great importance. In the present work, we chose a silica substrate with pore diameter, 6 
nm, and pore volume, ~ 0.75 ml/g. The position-tracking position defined by 3x standard 
deviation is ~0.08 µm. The corresponding detection limit is 10 ppb for a response time of 
3.5 min.  
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Figure 4.6 (a) Illustration of a sharp and (b) smooth gradient along a GCS. 
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Figure 4.7 Gradient position tracking noise level of an O3-GCS when testing clean 
air. The noise level is ~0.08 µm. 
 
4.5.4 Sensor lifetime 
For continuous monitoring of air quality, one wishes to achieve long lifetime, which 
is determined how fast the sensing probes are consumed (reacted with the analyte) along 
the entire GCS surface. This is related to the sensor length, the density of the sensing probes 
and concentration of the analyte. For our O3-GCS, as mentioned in section 2, the length is 
4 mm, which can continuously monitor 100 ppbV O3 for 70 hours. Longer sensor lifetime 
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should be possible by increasing the length of the sensor, and the density of the sensing 
probes. 
 
4.6 Conclusion 
We have developed GCS to overcome the difficulty of traditional colorimetric 
sensors that are limited to one-time use only due to irreversible color-change producing 
chemical reactions. We have fabricated an O3-GCS device and shown reliable detection of 
O3 via passive sampling (without using air pumps). Removing the use of air pumps is 
critical for miniaturization of the size and power consumption of the device. We have 
carried out a numerical simulation of the GCS with passive air sampling and found that it 
is in good agreement with the experimental data, indicating the gas sensing process can be 
described with diffusion and reaction processes. We have also developed an optical 
gradient-tracking technique to detect the gradient shift over sub-micron precision, which 
allows the O3-GCS to reach a detection limit of 10 ppbV (with 3.5 min sampling). The 
sensor lifetime is 7 ppmVhour, corresponding to continuous detection of 100 ppbV O3 for 
70 hours without sensor replacement.  
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5 A MINIATURIZED, INTEGRATED GRADIENT-BASED COLORIMETRIC 
ARRAY FOR ENVIRONMENTAL MONITORING 
5.1 Introduction 
As mentioned in the earlier chapter, with urbanization and industrialization occur 
at an unprecedented rate, air pollution has become a serious problem for human society. It 
has been reported that air pollution is linked to various health issues, for example, short 
term exposure to air pollution causes nausea, headaches, and irritation of the upper 
respiratory tract, whereas long term exposure leads to respiratory diseases, lung cancer and 
heart diseases. This makes it necessary and urgent to accurately monitor air pollution level 
including indoor and outdoor air pollution to help people aware of air pollution exposure 
and further help prevent any air pollution-related health risks.  
Asthma is one of the most common respiratory diseases in the United States, with 
14% of children diagnosed with asthma. [26] Asthma has a range of symptoms that can 
sometimes be debilitating. Symptoms include shortness of breath, coughing, feeling tired, 
allergies and chest pain.[81] Since asthma patients are extremely sensitive to 
environmental contaminants, exposure to these contaminants triggers an asthma attack, so 
it is important for epidemiologists to understand the micro-environment around patients. 
Therefore, sensors capable of continuously monitoring the real-time concentration levels 
of key asthma triggers, such as O3, NO2 and formaldehyde, are extremely useful for the 
control and prevention of asthma.  
Existing analytical chemistry equipment that can separate and analyze these target 
chemicals, such as GC-MS, which can separate analyte samples, identify chemicals, and 
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quantify the concentration of each chemical. The method is accurate, but the main 
disadvantages are large size, expensive and inability to perform on-site analysis, which 
cannot be used as a method for personal exposure monitoring.  
There are also small and relatively inexpensive techniques to monitor these triggers, 
such as MOS sensors and electrochemical sensors.[82-86] For MOS sensors, due to their 
material properties, the sensors required to be heated up to a certain high temperature, 
which has relatively high power consumption. In addition, the signal of the MOS sensor 
drifts with time, so it is necessary to recalibrate after long-term use. Therefore, to use MOS 
sensors, a series of compensation and recalibration is required, which is not desirable for 
the target application. Electrochemical sensors are selective and accurate, but they are 
generally expensive, and face the problem of signal drift over time like MOS sensors 
because of the electrolyte depletion.[87] Recalibration and signal drift over time are 
extremely undesirable since the sensor is supposed to be used by people in general and no 
extra recalibration should be required.  
Colorimetric sensors are popular due to their unique advantages such as good 
selectivity, cost-effective, calibration-free. All of these characteristics make colorimetric 
sensors ideal for targeted applications. However, colorimetric sensors face a critical 
disadvantage of short sensor life. The sensor usually can only be used for one time.[13] 
Once exposed, colorimetric sensors are typically consumed within hours, making it 
difficult to continuously monitor asthma triggers.  
The colorimetric sensors described in the previous chapters overcome the drawback 
of traditional colorimetric sensors and showed great capability of continuous personal 
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exposure monitoring. However, to be used in real application, the sensor fabrication and 
assembly should be as simple as possible for mass production. Current gradient-based 
colorimetric sensors required to be covered with a flat piece of Acrylic to prevent exposure 
of the sensing probes from the top and sensors for different target analytes need to be 
assembled respectively, which takes up a lot of space when being installed in a device.  A 
sensor that integrated multiple sensing elements and can be easily assembled is highly 
preferred. 
Inkjet printing technology is not only an office printing technology but has 
gradually become a useful tool for various industrial fabrication processes. It can accurately 
deposit very small droplets of materials at defined spots on various substrates. Currently, 
this technology has been widely used in the manufacture of plastic electronic products and 
polymer light-emitting diodes (LEDs).[88-90] Inkjet printing is also becoming a 
timesaving, cheap alternative to photolithography because it allows for the formation of 
patterns directly on the surface of the substrate compared to the process of lithography. It 
does not rely on the use of specific masks, and clean room facilities are not a prerequisite. 
In addition, inkjet printing has become another arranging technique for biological sample 
arrays, which has the advantage of reducing contamination and no risk of substrate damage 
compared to contact-based methods.  
In this chapter, an inkjet printing method using a cheap home printer has been 
developed to integrate several gradient-based colorimetric sensors together on one sensor 
substrate. An easily assembled sensor cartridge has also been designed to make sensor 
replacement as simple as possible. The printed gradient-based colorimetric sensor has been 
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calibrated and the printed ozone sensor has been tested in real tests, proving the ability of 
the sensor to be used for continuous personal exposure monitoring. 
 
5.2 Experimental 
5.2.1 Reagents and setup 
Sulfanilamide (SFA), N, N-dimethyl-1-naphthylamine (DMNA), glycerol, 
hydroxylamine sulfate, thymol blue, methanol, indigo carmine, citric acid, 1-propanol were 
purchased from Sigma-Aldrich, lnc. Ultra-pure water (18MΩ) was produced by an ELGA 
Purelab Ultra RO system. Silica gel substrates were purchased from Sorbent Technologies 
(Silica G TLC Plates, Polyester Backed, 20×20 cm, 250 μm thickness, 60 Å mean pore 
diameter of silica gel, pore volume: ~ 0.75 ml/g, specific surface area: ~ 500 m2/g). The 
substrate was cut into 5×5 mm pieces by laser cutter and wash with DI water and ethanol 
for three times, respectively. An Epson XP-340 printer was used to print the sensing 
nmaterials on the sensor substrate. 
 
5.2.2 Inkjet printing for sensor preparation  
NO2 sensor printing solution: the printing solution was prepared by dissolving 400 
mg of 200 uL of DMNA in the 40 mL mixture of 1-propanol and water (volume ration of 
1.5:1) solution with 2 ml glycerol.  
O3 sensor printing solution: the printing solution was prepared by dissolving 36 mg 
indigo carmine and 2.8 g citric acid in a solvent mixture containing 20 mL of DI and 20 
mL 1-propanol with 2 ml glycerol.  
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HCHO sensor: the printing solution was prepared by dissolving 400 mg 
hydroxylamine sulfate and 24 mg thymol blue in a solvent mixture containing 1-propanol, 
water, and glycerol (volume ration of 12:8:1). 400 uL NaOH solution (1M) was added to 
adjust solution pH.  
The solutions were injected into the empty printer cartridge and then inkjet-printed 
onto the substrate. The Epson XP-340 home printer was controlled by a laptop and a 
printing pattern was created using CorelDRAW software. The printing process was 
repeated 10 times to achieve a better sensitivity of the sensor chip.  
All sensors were vacuum-dried completely after printing to remove any 1-propanol 
residue. The sensors were kept under dry nitrogen atmosphere for 20 min to keep get rid 
of moisture on the silica gel substrate before sealing into the black pouch. Store sensors in 
the refrigerator. 
 
Figure 5.1 Three printed sensors (NO2, O3 and HCHO sensors) with a line width 
of only 0.3 mm on a silica gel substrate. 
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5.2.3 Sensor assembling methods 
Figure 5.2 shows different sensor assembly methods that have been compared in 
this work. The sensor assembled directly by tapes suffered from sensor degradation 
because different tapes released different chemicals that cause a color change as shown in 
Figure 5.2 (a). The color of a printed HCHO sensor turns pink when using scotch tape and 
it turns more yellow when using transparent duct tape. Figure 5.2 (b) shows a screw 
mechanical assembly method which is too bulky, and it required a screwdriver to assemble 
it.  Fig 5.2(c) shows the newly design one-piece assembling 3D printed holder and a 
schematic of how the sensor clipper work to guarantee 1D diffusion from the side view. 
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Figure 5.2 Different sensor assembly methods. 
 
5.2.4 Image processing methods 
The image processing method is the same with edge-tracking method being used 
for the gradient-based colorimetric sensors in the previous chapter. The location of the 
maximum color gradient along a sensor was defined as an “edge”.  The method was 
designed for the colorimetric sensing to determine the edge position by the following steps: 
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1) Extract intensity profile from the captured image by CMOS imager; 2) Find the 
maximum and the minimum intensity value along the sensor and calculate Mid= (Max+ 
Min)/2; 3) Track the positions along the sensor that has the closest intensity value to Mid 
and define that position as the edge position. In addition, the absorbance change of whole 
area of the printed gradient-based sensor was calculated. 
 
5.3 Results and Discussion 
5.3.1 Array sensitivity 
Figure 5.3 shows a quick test of printed gradient-based sensor array at a high 
concentration of HCHO, O3 and NO2, respectively. The result in Figure 5.3 (a) shows that 
when the sensor chip was exposed to HCHO, only the line of printed HCHO sensor has a 
response. The color change from yellow to red and the color development is gradually 
along the gas diffusion direction. In Figure 5.3 (b), only the O3 sensor changed color from 
blue to light yellow while both NO2 and HCHO sensor has a response to high concentration 
of NO2. However, the sensor response of HCHO can always be compensated if NO2 
occurred.  
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 Figure 5.3 Inkjet-printed gradient-based colorimetric sensor arrays tested at high 
concentration of HCHO, O3 and NO2 for an hour, respectively. 
5.3.2 Field tests 
Figure. 5.6 (b) shows the comparison of ozone reference monitor (2B technology) 
and ozone sensors reading over 30 hours. Three inkjet-printed ozone sensors were used in 
this test and the images in Figure 5.6 (a) show the sensor before and after the 30-hour- test. 
It can be observed that both ozone sensor and reference monitor reflect daily ozone 
concentration fluctuation.  
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Figure 5.4 Real-time continuous monitoring of ambient ozone concentration, 
comparison between gradient-based ozone colorimetric sensor and ozone monitor. 
 
5.4 Conclusion 
A miniaturized, integrated gradient-based colorimetric array for environmental 
monitoring has been developed. It demonstrated that different sensing elements for O3, 
NO2, HCHO can be all integrated into the same sensing substrate, making it possible to do 
real-time multianalyte monitoring, making the device even more attractive since different 
potential asthma triggers can be simultaneously monitored. The fabrication method using 
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inkjet printing technology is scalable, cheap, and combined with low-cost hardware, can 
be deployed in a large scale for clinical and epidemiological studies. 
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6 CONCLUSION AND FUTURE WORK  
Three generations of novel colorimetric sensors have been developed. The first 
generation is mosaic colorimetric sensor based on tiny sensor blocks and by detecting 
absorbance change after each air sample injection, the target analyte concentration can be 
measured. The second generation is a gradient-based colorimetric sensor. Lateral transport 
of analytes across the colorimetric sensor surface creates a color gradient that shifts along 
the transport direction over time, and the sensor tracks the gradient shift and converts it 
into analyte concentration in real-time. The third generation is gradient-based colorimetric 
arrays fabricated by inkjet-printing method that integrates multiple sensors on a 
miniaturized sensor chip. The presented three generations of colorimetric sensors 
demonstrated the ability to continuously monitor multiple air pollutants and the sensor 
lifetime and fabrication methods have been improved over each generation. Ozone, 
nitrogen dioxide, formaldehyde and carbon monoxide are chosen as analytes of interest. 
The performance of sensors has been validated in the lab and field tests, proving the 
capability of the sensors to be used for personal exposure monitoring. 
One direction for future work is to keep adding more gas analytes to the detecting 
list. The more gas analytes could be detected, the more information could be gathered. 
Also, a humidity sensor could be added on the sensor chip so the humidity level on the 
sensor can be detected.  
Another possibility is to take advantage of the rapidly growing cloud computing 
technology. One possible disadvantage of adding more gas analytes to a device for 
detection is that the data processing would be much slower. Therefore, one way to solve 
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this problem is to share all the test results. For example, if a device can detect NO2 and 
HCHO, and another device nearby can detect O3 and CO, and those devices could share 
the results with each other through the cloud and both can get data of four pollutants. A 
map of contaminant levels can be drawn from all other devices there without having to 
travel to that area. 
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